The Gamow-Teller strength in the β þ direction to 46 Sc was extracted via the 46 Tiðt; 3 He þ γÞ reaction at 115 MeV=u. The γ-ray coincidences served to precisely measure the very weak Gamow-Teller transition to a final state at 991 keV. Although this transition is weak, it is crucial for accurately estimating electroncapture rates in astrophysical scenarios with relatively low stellar densities and temperatures, such as presupernova stellar evolution. Shell-model calculations with different effective interactions in the pf shellmodel space do not reproduce the experimental Gamow-Teller strengths, which is likely due to sd-shell admixtures. Calculations in the quasiparticle random phase approximation that are often used in astrophysical simulations also fail to reproduce the experimental Gamow-Teller strength distribution, leading to strongly overestimated electron-capture rates. Because reliable theoretical predictions of Gamow-Teller strengths are important for providing astrophysical electron-capture reaction rates for a broad set of nuclei in the lower pf shell, we conclude that further theoretical improvements are required to match astrophysical needs.
The Gamow-Teller strength in the β þ direction to 46 Sc was extracted via the 46 Tiðt; 3 He þ γÞ reaction at 115 MeV=u. The γ-ray coincidences served to precisely measure the very weak Gamow-Teller transition to a final state at 991 keV. Although this transition is weak, it is crucial for accurately estimating electroncapture rates in astrophysical scenarios with relatively low stellar densities and temperatures, such as presupernova stellar evolution. Shell-model calculations with different effective interactions in the pf shellmodel space do not reproduce the experimental Gamow-Teller strengths, which is likely due to sd-shell admixtures. Calculations in the quasiparticle random phase approximation that are often used in astrophysical simulations also fail to reproduce the experimental Gamow-Teller strength distribution, leading to strongly overestimated electron-capture rates. Because reliable theoretical predictions of Gamow-Teller strengths are important for providing astrophysical electron-capture reaction rates for a broad set of nuclei in the lower pf shell, we conclude that further theoretical improvements are required to match astrophysical needs. DOI Introduction.-Electron-capture (EC) rates on nuclei are essential ingredients for the modeling of core-collapse and thermonuclear supernovae (SNe) [1] . In addition, EC rates are important for the description of crustal heating [2] and cooling [3] processes in neutron stars. The estimation of EC rates requires detailed knowledge of Gamow-Teller (GT) transition strengths [BðGTÞ] in the β þ direction, associated with the transfer of spin (ΔS ¼ 1), isospin (ΔT ¼ 1), and no orbital angular momentum (ΔL ¼ 0). ECs on a large number of nuclei, primarily with 40 ≤ A ≤ 120, play a role in these astrophysical scenarios. Moreover, at the temperatures and densities present in stellar environments, transitions from excited states are often significant [4] [5] [6] [7] [8] in addition to those from ground states. Measuring even a sizable fraction of all relevant strengths is impossible, and therefore it is important to perform targeted experiments to validate and improve theoretical calculations. In this Letter, we report on an experiment aimed at extracting GT strengths from 46 Ti to 46 Sc to investigate concerns raised [9] about the ability of theory to accurately predict β þ GT strengths for nuclei in the lower pf shell [with the neutron (N) and proton number (Z) just exceeding the magic number 20]. It is shown that leading configuration-interaction models in which the model space is truncated to excitations within the pf shell fail to reproduce the data. Calculations in the quasiparticle random phase approximation (QRPA), which are also frequently used for astrophysical purposes, fail to reproduce the data as well. GT strengths can be measured in β-decay experiments, but they only provide access to a limited Q-value window. Therefore, charge-exchange (CE) reactions at intermediate energies (≳100 MeV=u), which can provide full BðGTÞ distributions on the basis of a well-established proportionality between the CE cross section at zero momentum transfer and BðGTÞ [10] [11] [12] , have become the preferred method to test theoretical calculations. In Ref. [9] , a systematic study was performed for 13 stable pf-shell nuclei with 45 ≤ A ≤ 64 based on CE data from ðn; pÞ, ðd;
2 HeÞ and ðt; 3 HeÞ experiments. It was found that EC rates derived from experimental BðGTÞ values are generally reproduced satisfactorily by shell-model (SM) calculations using the GXPF1A [13] [14] [15] and KB3G [16] interactions, whereas QRPA calculations in the framework of Ref. [17] (which are frequently used in astrophysical simulations) tend to significantly overestimate the experimental EC rates. On the basis of the case of 45 Sc, a specific concern about the ability of the SM calculations to reproduce transitions to low-lying states was raised [9] for nuclei in the lower pf shell (A ∼ 45). Similar concerns were raised on the basis of a study of the GT strengths from 46 Ti in the β − direction [18] . In Ref. [19] , the investigations on the isotope shifts in calcium (N ¼ 20) showed that substantial configuration mixing involving nucleons from the sd shell is present in these isotopes. Since such mixing is not considered in the SM calculations with the above-mentioned interactions, those calculations might have structural deficiencies, in particular for the lightest pf-shell nuclei. It is these transitions to low-lying states that are especially critical for ECs at low stellar temperatures and densities in pre-SN stars [20] and for the neutron-star crustal processes.
To gain better insight into the ability of the theoretical models to accurately represent GT strengths for nuclei in the lower pf shell, we measured the BðGTÞ distribution in 46 Sc by the 46 Tið0 þ ; g:s:Þðt; 3 He þ γÞ reaction. In addition to the above-mentioned importance for pre-SN stars, 46 Ti is also important as a potential heat source during crustal heating of neutron stars [2] 3 HeÞ measurement, γ decays can be studied without ambiguities related to indirect feeding from higher-lying states. The power of such a technique was also demonstrated in, e.g., ðα; α 0 γÞ experiments [21, 22] . The development of a technique that combines a medium-energy CE probe with high-precision γ detection is also critical for future experiments with unstable isotopes in which the CE experiments must be run in inverse kinematics. Energy resolutions from two-body kinematics alone are on the order of 1 MeV, and are significantly worse than those for experiments in forward kinematics [23] [24] [25] [26] . With γ-ray detection, spectroscopic information with resolutions on the order of tens of keV is attainable.
Experiment.-A 150-pnA, 150 -MeV=u beam of 16 O impinged on a 3525-mg=cm 2 -thick Be target. Tritons were selected from other reaction products using the A1900 fragment separator [27] with a 195-mg=cm 2 -thick Al degrader [28] . The resulting triton beam (with rate ∼5 Mpps, purity > 99%, and average energy 115 MeV=u) was transported by using the dispersion-matching ion optics to a 10-mg=cm 2 -thick and 77.1% isotopically enriched 46 Ti reaction target. The main contaminants were 48 Ti (17.3%) and 47;49;50 Ti (2.3%, 1.5%, and, 1.8%, respectively). A polyethylene (CH 2 ) target with a thickness of 10 mg=cm 2 was used for calibration purposes.
3 He reaction products were momentum analyzed by the S800 magnetic spectrometer [29] , and detected at the focal plane by two cathode-readout drift chambers (CRDCs) [30] and a 5-mm-thick plastic scintillator. The CRDC data were used to reconstruct angles and momenta of the 3 He particles at the target. Excitation energies of 46 Sc over the range 0 ≤ E x ≲ 20 MeV with a resolution of 0.3 MeV(FWHM) were obtained in a missingmass calculation. Scattering angles were measured over the range 0 ∘ ≤ θ ≲ 6 ∘ with a resolution of 1.0°(FWHM). The γ-ray detection system GRETINA [31] , installed surrounding the reaction target, was used to measure the de-excitation γ rays from the 46 Sc residues. The use of this high-purity germanium detector was important as it allowed precise determination of γ-ray energies. The large peak-tototal ratio enabled a measurement of the very weak GT transition with a reasonable photopeak detection efficiency.
Results and analysis.-The double-differential cross sections for the 46 Tiðt; 3 HeÞ reaction are shown in the left panel of Fig. 1 . The systematic uncertainty of the absolute normalization of the cross section was estimated to be 6%. 46 Ti(t, 3 He) 46 Sc E = 115 MeV/u cm = 0.67 It was dominated by the uncertainty in the t-beam intensity, which was monitored by calibrating the current readout for the unreacted beam in a Faraday bar placed in the first dipole magnet of the A1900 against the well-known cross section for the 12 Cðt; 3 HeÞ 12 Bð1 þ ; g:s:Þ reaction [32] . A multipole decomposition analysis (MDA) [33, 34] was performed for extracting the ΔL ¼ 0 (GT) component of the cross section. In this analysis, the angular distribution in each energy bin in E x ð 46 ScÞ was fitted with a linear combination of angular distributions calculated in the distortedwave Born approximation (DWBA) with ΔL ¼ 0, 1, 2, and 3. The calculations were performed with the microscopic, double-folding DWBA code FOLD/DWHI [35] . The singleparticle wave functions for t and 3 He were taken from variational Monte Carlo calculations [36] , and those for 46 Ti and 46 Sc were generated by using a Woods-Saxon potential. One-body transition densities were calculated following the description in Ref. [37] . The Love-Franey effective NN interaction at 140 MeV [38] was used. Optical model potential (OMP) parameters were taken from those for 3 He þ 58 Ni at 443 MeV in Ref. [39] , and compared with calculations based on OMP parameters from Ref. [40] to estimate systematic uncertainties.
Results from MDA are included in the left panel of Fig. 1 . As shown, the angular distributions are well reproduced by MDA. It can be seen that the ΔL ¼ 0 component is consistent with zero around the ground state, with a broad peak at around 3 MeV. Systematic errors due to the choice of the OMP parameters and the choice of multipole components were estimated to be 5% by performing several trials with different sets of reasonable input parameters.
The BðGTÞ was determined from the extracted ΔL ¼ 0 cross sections by using the proportionality relation [10] [11] [12] between the ΔL ¼ 0 cross section at 0°, σ ΔL¼0 ð0°Þ, and BðGTÞ, σ ΔL¼0 ð0°Þ ¼σ GT Fðq; ωÞBðGTÞ; whereσ GT is the GT unit cross section and Fðq; ωÞ is a kinematical correction factor representing the dependence of σ ΔL¼0 ð0°Þ on the momentum (q) and the energy (ω) transfers. Unit cross sections for the ðt;
3 HeÞ and ð 3 He; tÞ reactions at this energy followσ GT ¼ 109=A 0.65 [12] , with A being the mass number of the target nucleus. The valueσ GT j A¼46 ¼ 9.05 mb=sr was used for the present analysis. The extracted BðGTÞ distribution is shown in Fig. 2 . The contribution from the 48 Ti contamination in the reaction target was subtracted based on the BðGTÞ values extracted from existing 48 Tiðd;
2 HeÞ data [41, 42] up to E x ð 48 ScÞ ¼ 5 MeV, which corresponds to E x ð 46 ScÞ ¼ 6.6 MeV with the Q-value difference of 1.6 MeV taken into account. The systematic uncertainty due to this subtraction process is less than 5%.
More detailed information on the low-lying states is provided by studying the decay by γ emission. Figure 3(a) shows a plot of the γ-ray energy (E γ ) measured in GRETINA and the excitation energy E x ð 46 ScÞ determined from the ðt; 3 HeÞ data. The near absence of events for which E γ > E x indicates that background was nearly nonexistent. The clear drop of the the γ-ray yield at the proton and neutron separation energies (S p ¼ 8235.1 keV and S n ¼ 8760.62 keV) is observed. The lowest known 1 þ state is at 991 keV, which decays to the 444-keV 2 þ state with a 100% branching emitting a 547-keV γ ray [see Ref. [43] and the schematic decay diagram in the inset in Fig. 3(b) ]. Figure 3( 
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week ending 27 JUNE 2014 252501-3 potentially excited and that are contained in this gate do not decay through the 991-keV state, the observation of events with the 547-keV γ ray in Fig. 3(b) directly relates to the excitation of the 1 þ state at 991 keV. Other distinct lines are seen at E γ ¼ 147, 216 and 227 keV.
The yield for the 547-keV γ rays can be converted to a BðGTÞ for the excitation of the 991-keV state after taking into account the detection efficiency of GRETINA. The obtained BðGTÞ of this state was 0.009 AE 0.005ðexp:ÞAE 0.003ðtensorÞ. The error labeled "exp." is the sum of statistical and the experimental systematic contributions. The error labeled "tensor" indicates the estimated uncertainty [44, 45] due to interference effects between ΔL ¼ 0, ΔS ¼ 1 and ΔL ¼ 2, ΔS ¼ 1 amplitudes mediated via the tensor interaction [10] . This effect can be relatively strong for very weak Gamow-Teller transitions such as this one. It would have been impossible to determine such a weak GT transition, which is critical for the calculation of EC rates (see below), with the data from the 46 Tiðt; 3 HeÞ reaction alone.
Comparison with theory.-The BðGTÞ distributions from the experiment and theoretical calculations (convoluted with the experimental resolution) are compared in Fig. 2 . The SM calculations [46] were performed in the full pf shell-model space with the GXPF1A, KB3G, and FPD6 [47] interactions by using an effective operator ðστ þ Þ eff ¼ 0.744στ þ [48] . None of the SM calculations agree well with the data: the bump at ∼3 MeV in the experimental distribution is not reproduced, and the strong peaks in the SM calculations at 4-5 MeV are not observed in the experiment. In addition, none of the SM calculations predict a weak transition to a state at ∼1 MeV. Also shown is the BðGTÞ distribution based on the QRPA calculation mentioned above. It predicts the lowest-lying state at 930 keV, close to the experimentally observed energy, but with a BðGTÞ of 0.34, almost 40 times larger than observed. In addition, the next 1 þ state does not appear until 6 MeV.
Intruder states relative to the pf-shell configurations are important for nuclei in the lower part of the pf shell. The configuration of these intruder states involves nucleons excited from the sd shell into the pf shell. The lowest-lying levels that cannot be described by the pf shell include the Fig. 13 of Ref. [14] ). The Hamiltonians we use treat these intruder states in different ways. FPD6 was derived only from nuclei in the lower part of the pf shell, [44] [45] [46] [47] [48] [49] Ca, [42] [43] [44] Sc, and 44 Ti. As such FPD6 is highly influenced by the intruders. On the other hand, GXPF1A was obtained for nuclei with A ≥ 47 in order to minimize the influence of intruder states. A difference in these Hamiltonians shows up as the summed GT strength up to 7 MeV with ratios to experiment of 1.8 (GXPF1A) and 1.1 (FPD6). Thus, it appears that the influence from intruder states can be partially accounted for by the effective Hamiltonian. The Hamiltonian sensitivity for the summed strength can be traced to the the p 3=2 -f 7=2 single-particle energy gap being 2.94 MeV with GXPF1A to 1.89 MeV with FPD6. However, the details of the BðGTÞ distribution are poorly described even with FPD6. It is likely that the intruder states will need to be explicitly included in the calculations. We also note that the discrepancies between experiment and theory are significantly stronger than those observed for the GT transitions from 46 Ti in the β − direction [18] . It will be a challenge for future calculations to explicitly include these intruder configurations in order to consistently describe all of the observations in this mass region, including the energies of the low-lying states, the BðE2Þ values, and our observed BðGTÞ distribution.
Electron-capture rates.-In Fig. 4 , EC rates (λ EC ) based on the experimental and theoretical GT strength distributions are compared. The calculations are as described in Ref. [9] and follow the formalism of Refs. [4] [5] [6] [7] , implemented in a code previously used in Refs. [2, 9] . In the present calculations we only considered transitions from the ground state of the parent nucleus. Since nuclei in the lower pf shell such as 46 Ti are particularly important during the pre-SN evolution of massive stars [20] , we present the rates at an electron density ρY e ¼ 10 7 g=cm 3 and in a temperature range 2.5 < T=10 9 K < 4.5 of relevance for that phase. Under these conditions, ECs into low-lying 1 þ states dominate the total rate. Even though this state is associated with a very small GT strength, this EC rate dominates except at the higher temperatures. Of the different SM interactions, the EC rate based on the GXPF1A interaction is the closest to that based on the data, but we note that this is coincidental given the poorer overall description of the data by this interaction. The EC rate based on the QRPA calculation significantly overestimates (by about a factor of 40) the EC rate based on the data, basically reflecting the overestimated BðGTÞ for the lowlying excitation.
Summary.-The GT strength distribution in 46 Sc was extracted from 46 Tiðt; 3 He þ γÞ data, and coincidences with γ rays associated with the de-excitation of 46 Sc were used to extract the otherwise inaccessible GT strength for the excitation of the 1 þ state at E x ð 46 ScÞ ¼ 991 keV. Significant deficiencies in SM calculations based on the GXPF1A, KB3G, and FPD6 interactions for the pf shell were observed, likely due to admixtures from sd-shell configurations which are not included in the calculations. QRPA calculations used for astrophysical modeling of EC rates also poorly reproduce the experimental GT strengths. We conclude that further improvements to theoretical calculations of GT strengths for nuclei in the lower pf shell are important, as derived EC rates for these nuclei at relevant astrophysical densities and temperatures are especially sensitive to the detailed structure of excitations to low-lying states. CE experiments at intermediate energies in combination with high-resolution γ-ray detection will be of significant use to benchmark improved theoretical descriptions, in particular for experiments in inverse kinematics with unstable isotope beams at present and future rare isotope beam facilities.
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